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Abstract 
The kinetics of reduction with CH4, H2 and CO and oxidation with O2 of two NiO-based 
oxygen carriers prepared by impregnation, NiO18-Al and NiO21-Al, for chemical-
looping combustion (CLC) and chemical-looping reforming (CLR) was investigated in 
this work. The experimental tests were carried out in a thermogravimetric analyzer 
using different reacting gas concentrations (5-20 vol. % for CH4, 5-50 vol. % for H2 and 
CO and 5-21 vol. % for O2) and temperatures (1073-1223 K). The reduction stage using 
both materials proceeded in two steps: a first period of high reactivity attributed to the 
presence of free NiO and then a low reactivity period that corresponded to NiAl2O4 
reduction. Therefore, the kinetic parameters for NiO and NiAl2O4 reduction were 
determined separately for each oxygen carrier and each reacting gas. An empirical 
linear model was developed to describe NiO reduction. The solid conversion was a 
function of the fuel concentration and NiO content in the solid. The effect of 
temperature was low (Ea ~ 5 kJ mol-1) although a chemical reaction rate controlled by 
diffusional processes was dismissed. The shrinking core model for spherical grain 
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geometry was used to obtain the kinetic parameters of the NiAl2O4 reduction working 
with both NiO-based oxygen carriers. Chemical reaction control was assumed for 
NiO18-Al whereas diffusion through product layer was also considered when NiO21-
Al was used as oxygen carrier. 82-472 kJ mol-1 activation energies were obtained with 
NiO18-Al particles. The activation energies were 237 and 373 kJ mol-1 for the kinetic 
constant and 200-281 kJ mol-1 for the diffusion coefficient, respectively, in the case of 
NiO21-Al oxygen carrier. Reduction reaction of NiO21-Al with CO was extremely 
slow and the kinetic parameters were obtained for comparison purposes with chemical 
control of the reaction rate. In this case, the reaction order was 1 and the activation 
energy 89 kJ mol-1. The combined model for consecutive reduction of NiO and NiAl2O4 
in the NiO18-Al particles with the kinetic parameters obtained in this work predicted 
adequately the experimental results. The oxidation step of both oxygen carriers was fast 
and complete until reaching the initial condition. An empiric linear model, which 
assumes a linear relation between time and conversion, was developed to determine the 
kinetics of Ni oxidation. The reaction order of oxidation was about 0.8 for NiO18-Al 
and NiO21-Al and the activation energies were low, 22 kJ mol-1 in both cases. 
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1. Introduction 
Greenhouse gases as CO2, originated mainly in fossil fuel combustion, have increased 
their concentration in the atmosphere during last decades and it is widely accepted that 
they are the main cause of global climate change. As preventing action, a reduction in 
emissions of these gases to the atmosphere is needed. Carbon dioxide capture and 
sequestration (CCS) has been proposed as a strategy to reduce CO2 emissions from 
power plants still using fossil fuels [1-2]. However, current technologies to separate 
CO2 from the rest of the flue gases before sequestration have several drawbacks as the 
high cost and energy consumption to collect CO2 and so the decrease in the global 
efficiency of the process. CO2 capture technology applied to transport sector is more 
complex, being the use of H2 as fuel one possible option to reduce CO2 emissions. In 
this line, hydrogen must be produced by a free-CO2 emission method. 
Chemical Looping Combustion (CLC) has been identified as a process for energy 
production still using fossil fuels with low energy penalty and inherent CO2 separation. 
CLC combines fuel combustion and CO2 capture in a single stage and produces a pure 
CO2 stream ready for compression and sequestration without any separation step or 
additional energy needs. A solid oxygen carrier in the form of metallic oxide particles 
transports the oxygen from the combustion air to the fuel, thus avoiding the dilution of 
fluent gases with the N2 of the air. Additionally, the use of moderate temperatures in the 
CLC system and different reactors for the fuel and the air also avoids the formation of 
NOx [3].  
A CLC system usually consists of two interconnected fluidized bed reactors, designated 
as air reactor (AR) and fuel reactor (FR), with the oxygen carrier circulating between 
them. In the FR, the fuel gas, such as natural gas, refinery gas or syngas from coal 
gasification, is oxidized by the oxygen carrier to CO2 and H2O following the general 
reactions 
4 MexOy + CH4    4 MexOy-1 + CO2 + 2 H2O (1) 
MexOy + H2    MexOy-1 + H2O (2) 
MexOy + CO    MexOy-1 + CO2 (3) 
where MexOy designates a metal oxide and MeyOx-1 its reduced compound. The exit gas 
stream from the FR contains only CO2 and H2O, and almost pure CO2 is obtained after 
H2O condensation. 
The metal or reduced oxide is further transferred to the AR where it is oxidized with air.  
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MexOy-1 + 1/2 O2   MexOy (4) 
The flue gas leaving the air reactor contains N2 and unreacted O2. The regenerated 
material is ready to start a new cycle. 
The total amount of heat evolved from both reactions is the same as from normal 
combustion, where the oxygen is in direct contact with the fuel. Oxidation reaction is 
strongly exothermic, whereas reduction reaction could be either exothermic or 
endothermic depending on the active metal of the oxygen carrier and the fuel used. 
The chemical-looping process can also be adapted for H2 production from fossil fuels 
with CO2 capture. Chemical-looping reforming (CLR) is based on the same basic 
principles as CLC, being the main difference that the wanted product in this case is not 
heat but H2. In the CLR process, the air to fuel ratio is kept low to prevent the complete 
oxidation of the fuel to CO2 and H2O. The fuel and some steam are fed to the system 
and react with the oxygen carrier to form a mixture of CO2, CO, H2 and H2O. Then, 
these gases are sent to a shift reactor where CO and H2O react through the water gas 
shift equilibrium (WGS), increasing the concentrations of CO2 and H2 in the gaseous 
stream. 
An important aspect to be considered in an auto-thermal CLR system is the heat 
balance. Although the oxidation reaction of the metal oxide is very exothermic, the 
reduction reactions are endothermic. The heat for these endothermic reactions is 
supplied by the circulating solids coming from the air reactor at higher temperature. 
Thus, the heat generated in the air reactor must be high enough to fulfil the heat balance 
in the system. The major advantage of this process is that heat needed for converting 
CH4 to H2 is obtained without costly oxygen production and without mixing the air with 
carbon-containing fuel gases.  
The key issue for the large-scale application of CLC and CLR is the selection of an 
oxygen carrier with suitable properties, such as high reactivity under alternating 
reducing and oxidizing conditions to reduce the solids inventory in the system; high 
mechanical and chemical stability for thousands of cycles in a fluidized-bed system to 
minimize losses of elutriated solid; low tendency to carbon deposition and good 
properties for fluidization (avoidance of agglomeration). Depending on the type of 
process, the oxygen carrier should be selective to the full conversion to CO2 and H2O or 
to H2 and CO. Other important requirements are high availability and low cost of the 
metal, as well as low environmental impact. Several transition state metals, such as Ni, 
Cu, Mn, Fe and Co have been proposed as the most suitable materials for CLC and CLR 
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[4-17]. The metallic oxide is usually supported on an inert material, which increases the 
mechanical strength and provides a higher surface area for the reaction. Oxygen carriers 
prepared over Al2O3, SiO2, TiO2 and yttrium stabilized zirconia (YSZ) as binders can be 
found in the literature. Although the same materials are available for CLR and CLC, 
NiO appears the most interesting for the first process due to its strong catalytic 
properties.  
NiO-based oxygen carriers have shown very high reactivity with methane, main 
component of natural gas and refinery gas [4, 7, 12, 17-24] and allow working at high 
temperatures (1200-1400 K) due to the high melting point of nickel oxide (2228 K) and 
metallic nickel (1728 K). Nevertheless, thermodynamic restrictions avoid full 
conversion of the fuel into CO2 and H2O and this result in small CO and H2 
concentrations in the outlet gas stream from the FR. The use of Al2O3 as support for 
NiO-based oxygen carriers has been widely studied in the literature [4, 17-23] due to its 
good fluidization properties and thermal stability. However, the main disadvantage of 
this material for NiO-based oxygen carriers is NiAl2O4 formation [24]. At high 
calcination temperatures (> 1073 K), part of the NiO can react with the alumina to form 
nickel aluminate [18], which has lower reactivity than free NiO. 
The knowledge of the kinetics of the reduction and oxidation reactions is essential for 
the design of both CLC and CLR systems. The solids inventory necessary in the air and 
fuel reactors to transfer the oxygen for the reduction reactions is related to the reactivity 
of the oxygen carrier. Therefore, for a good design, it is fundamental to know the 
reactivity under different operating conditions of temperature and gas concentrations. 
Several works where the kinetics of reaction for the reduction with CH4, CO and H2 and 
the oxidation with oxygen have been determined for Cu-, Ni-, Fe2O3- and Mn3O4-based 
oxygen carriers [25-44] can be found in the literature. Most of these experimental 
studies have been done in a thermogravimetric analyzer. Temperature programmed 
reduction or oxidation (TPR, TPO) technique has also been used but at lower 
temperatures [28, 29, 31]. Other facilities such as fluidized-bed [40, 44] or fixed-bed 
reactors [33] have been used to determine reaction kinetics too. The kinetic parameters 
have been obtained using the shrinking core, the changing grain size and the nucleation 
models. Nevertheless, most of these studies carried out only a partial analysis without 
considering either the effect of the gas concentration or temperature [25-34]. In this 
case, limited information can be extracted from the reactivity data for design purposes, 
although they can be used to compare different oxygen carriers. Only a limited number 
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of works were focused on the kinetics of oxygen carriers at conditions more 
representative of a CLC system, considering the variation of gas concentration and 
reactor temperature [5, 35-44].  
The objective of this work is to determine the kinetics of reduction with CH4, H2 and 
CO and oxidation with O2 of two NiO-based oxygen carriers prepared by impregnation, 
NiO18-Al and NiO21-Al, by means of experiments in a thermogravimetric analyzer. 
The effect of temperature and gas concentration on the reaction rate was analyzed.  
NiO18-Al oxygen carrier had been previously used successfully in CLC with different 
fuels [45-46] even in the presence of impurities, such as sulphur [47] and light 
hydrocarbons [48]. Both NiO18-Al and NiO21-Al particles were also tested in CLR 
experiments in a continuous plant [49] and at pressurized conditions in a batch reactor 
[50].  
 
2. Experimental 
2.1. Materials 
The reduction and oxidation kinetics of two different NiO-based oxygen carriers were 
studied in this work. These materials were prepared using the incipient wet 
impregnation method [51]. Commercial -Al2O3 particles (Puralox NWa-155, Sasol 
Germany GmbH) of 100-300 m, with a density of 1.3 g/cm3 and a porosity of 55.4%, 
were used as support for the oxygen carrier called NiO21-Al. A volume of a Ni(NO3)2 
saturated solution (293 K, 4.2 M) corresponding to the pore volume of the support was 
added slowly to the -alumina with thorough stirring at room temperature. Two 
successive impregnation steps were applied to obtain the desired active phase loading 
(21 wt.%), followed by calcination at 823 K in air atmosphere for 30 minutes to 
decompose the impregnated metal nitrates into insoluble metal oxide. Finally, the 
carrier was sintered for 1 h at 1223 K. 
The second nickel-based oxygen carrier, NiO18-Al, was prepared by hot incipient wet 
impregnation [52], a modification of the method explained above, where the support 
was heated at 353 K in a planetary mixer and the nickel nitrate solution at 333-353 K (6 
M). The use of higher temperatures for the Ni(NO3)2 solution increased the solubility of 
this compound and, as a consequence, the amount of NiO which could be introduced 
into the support in each stage was higher compared with the method at room 
temperature. In this case, the support was -Al2O3 prepared by calcination of the 
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commercial -Al2O3 particles at 1423 K for 2 h. The final density was 2 g/cm3 and the 
porosity was 47.3%. Two successive steps of impregnation were needed to achieve a 
NiO content of 18 wt%. The solids have been designated with the metal oxide followed 
by its weight content and the inert used as support (see Table 1).
Both oxygen carriers had been previously tested in a continuous CLC pilot plant. 
Chemical looping reforming experiments using CH4 as fuel were performed with the 
NiO21-Al particles for 50 hours (40 h of reaction time) [49], while combustion tests 
were carried out with NiO18-Al for 100 hours (70 h of reaction time) [45]. Table 1 
shows the main properties of the fresh and used materials.  
No major changes in the porosity, density or mechanical strength were observed in both 
kinds of particles after they were used in the continuous CLC system. The BET specific 
surface area decreased significantly in the carrier prepared on -Al2O3 due to an 
accumulative thermal sintering during the operation in the prototype. There was no 
evidence of redistribution or migration of Ni sites during the redox cycles and signs of 
agglomeration were not observed. The powder XRD patterns of the used NiO18–Al 
carrier revealed no new crystalline phases. However, the XRD patterns of used NiO21–
Al showed the presence of NiO. After 50 h of operation -Al2O3 did not evolved to -
Al2O3. 
 
2.2. Thermogravimetric analyzer (TGA) 
Reactivity tests with both NiO21-Al and NiO18-Al oxygen carriers to determine the 
kinetics of the reduction reaction with  
CH4, H2 and CO and the oxidation reaction with O2 were performed in a 
thermogravimetric analyzer (TGA), CI Electronics type, at atmospheric pressure. The 
oxygen carrier was placed in a platinum basket and heated until the operating 
temperature in air atmosphere. To avoid the contact between particles and to eliminate 
the interparticle mass transfer resistance, the solid samples were loaded between layers 
of quartz wool. After weight stabilization, the particles were exposed to alternating 
reducing and oxidizing conditions.  
A previous work  where the reactivity of NiO18-Al particles was analyzed showed 
that the reactivity of this oxygen carrier depended on the solid conversion reached 
during the reduction stage due to the presence of different free NiO and NiAl2O4 
contents in the solid material. A low solid conversion meant more NiAl2O4 in the 
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oxygen carrier and this was related to a decrease in the average reactivity because of the 
lower reactivity of the nickel aluminate with respect to free NiO. Conversion-time 
curves in TGA varied during successive reduction-oxidation cycles until they stabilized 
due to a change in NiO-NiAl2O4 contents. For this reason, five reduction-oxidation 
cycles were performed in the TGA in all cases. 
The concentration of the fuel gases used to determine the kinetics of the reduction 
reaction was varied from 5 to 20 vol. % in the case of CH4 and from 5 to 50 vol. % for 
H2 and CO. 20 vol. % H2O was added to CH4 to avoid carbon deposition. CO2 (20 vol. 
%) was fed together with CO to avoid carbon formation through Boudouard reaction. 
The O2 concentration to study the rate of the oxidation reaction was in the range from 5 
to 21 vol. %.  
The effect of the temperature on the reaction rate was analyzed by means of 
experiments carried out at 973-1223 K. To determine the reduction kinetics over the 
same reacting compound, the sample was always oxidized at 1223 K in air. The same 
process was followed to establish the oxidation kinetics. Five reduction-oxidation cycles 
were performed with a reduction temperature of 1223 K in all cases. 
The degree of conversion for reduction and oxidation was calculated as 
redox
red
r mm
mm1X 
  (5) 
redox
red
ox mm
mmX 
  (6) 
where m is the actual mass of the sample and mox and mred are the masses of the sample 
fully oxidized and reduced, respectively. 
During kinetic determination, intra-particle and inter-particle diffusion should be 
avoided. To select the most suitable operating conditions, preliminary tests were 
performed in the TGA with NiO18-Al oxygen carrier and CH4 as fuel (15 vol. % CH4 
+ 20 vol. % H2O in N2). The effect of the gas flow fed (8-35 lN/h) on the reactivity was 
analyzed. To study the influence of the particle diameter, the oxygen carrier was sieved 
and two different fractions were obtained, i.e. 100-200 m and 200-300 m. Five 
reduction-oxidation cycles were carried out in the TGA in all operating conditions. The 
reduction stage of NiO18-Al oxygen carrier proceeded in two stages, as it was shown 
in previous works [45-46, 53]. During the first seconds, the reaction was very fast and it 
corresponded to the reduction of free NiO phase. Then, there was a change in the slope 
of the conversion-time curve due to a decrease in reactivity when NiAl2O4 reacted with 
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the fuel. If NiO reduction is considered independently of NiAl2O4, each reaction period 
conversion can be transformed to the range 0-1 using the following equations: 
c
s
NiO X
XX   (7) 
c
cs
ONiAl X1
XXX
42 
  (8) 
where Xs is the actual solid conversion and Xc corresponds to the solid conversion 
where the slope of the reactivity curve changes and NiAl2O4 reduction begins.  
Figure 1a shows the conversion-time curves obtained during free NiO reduction with 
different NiO18-Al particle sizes (100-200 and 200-300 m). Both curves are almost 
overlapped so it can be concluded that gas diffusion inside the particles did not control 
the global reaction rate. NiO reduction reactivity with different fuel flows is depicted in 
Figure 1b. The reaction rate was lower with gas flows of 8 and 15 lN/h while reactivities 
were very similar with inlet flows between 20 and 35 lN/h. As a consequence, it is 
considered that the reaction rate was not controlled by diffusion through the product 
layer when CH4 flow was higher than 20 lN/h. Additional tests using different sample 
weights showed that this parameter did not affect the reaction rates either. 
Taking into account all the shown results, a gas flow of 25 lN/h and a sample weight of 
~50 mg were selected for the tests in the TGA in order to avoid a diffusional control of 
the reaction rate. 
 
3. Kinetic model 
In the fuel reactor of a CLC system, the oxygen carrier is reduced by the fuel gas (CH4, 
H2 or CO) under different conditions at different locations of the fluidized bed. At the 
bottom, the oxygen carrier is in contact with pure fuel gas whereas, at the top of the 
fluidized bed, the gas stream is composed mainly of CO2 and H2O. Previous tests with 
both nickel-based oxygen carriers demonstrated that the presence of CO2 in the reacting 
gases did not affect the reaction rate. 
There are several resistances which can have an effect on the reaction rate of the oxygen 
carrier with the fuel gas or with the air. The reaction could be controlled by external 
mass transfer, gas diffusion into the porous particle, diffusion in the solid product layer, 
and chemical reaction. García-Labiano et al. [54] demonstrated that internal mass-
transfer resistance was not important in the reactions involved in a CLC system in 
similar conditions of porosity, particle size and reaction rate to the ones used in this 
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work. Mass transfer resistance can be reduced using high flows and low sample masses 
in the TGA experiments as it was shown above (Figure 1). 
Shrinking core model (SCM) for spherical grains has been used in literature to calculate 
kinetic parameters of NiO-based oxygen carriers [5, 25, 34-36, 38]. The particles are 
considered as a matrix of non-porous individual grains of uniform size. The equation 
that describes this model under chemical reaction control in the grain is 
           )X1(1t 31s
ch
  (9) 
n
gm
ch Ckb
r
 
  (10) 
where ch is the time for complete conversion of the particle. Equation 10 can be 
rearranged to 
Clnnkln
b
r
ln
ch
gm 




 (11) 
If the reaction rate is controlled by the diffusion in the product layer with changing 
grain size, the equation is the following 
                
1Z
)X1()Z1(Z1)X1(1·3t
32
s32
s
dif




  (12) 
CDb6
r
s
2
gm
dif 
  (13) 
where Z is the expansion ratio between the solid product and solid reactive, calculated 
as 
reac,m
prod,m
V
V
Z   (14) 
When both resistances to the reaction happen at the same time, the time necessary to 
reach any conversion is given by 
t = tdif + tch (15) 
An Arrhenius type dependence with temperature has been assumed for the kinetic 
constant, k, and the diffusion coefficient, Ds. 
TRE
0
aekk   . (16) 
TRE
0,ss
DseDD   (17) 
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The grain radius of the metallic nickel was obtained by H2 chemisorption technique. 
From this value, the grain radius of the nickel compounds could be obtained considering 
the molar volume of both species.  
31
Ni,m
NiO,m
Ni,gNiO,g V
V
rr 


  (18) 
31
Ni,m
ONiAl,m
Ni,gONiAl,g V
V
rr 42
42 


  (19) 
The grain radius and molar densities used to calculate the kinetic parameters in this 
work are shown in Table 2. 
 
4. Results 
4.1. Reduction reaction 
Figure 2 shows the reactivity data obtained during the first redox cycle in the TGA with 
both oxygen carriers, NiO18-Al and NiO21-Al, at 1223 K using 15 vol. % of CH4, H2 
or CO as fuels. As can be seen, in the case of NiO18-Al, the reduction of the oxygen 
carrier particles proceeded in two stages. There was a first period where the reduction 
rate was fast, attributed to the reaction of NiO with the fuel, and then a stage of low 
reactivity which corresponded to the reaction of the nickel aluminate with the fuel [18, 
53]. The use of -Al2O3 as support allowed reducing the interaction support-active 
phase [51] minimizing the formation of nickel aluminate and part of the impregnated 
nickel remained in this case as free NiO, increasing the reactivity of the NiO18-Al 
oxygen carrier. Nevertheless, when NiO21-Al material was used, the initial fast stage 
did not exist in the first redox cycle due to the higher tendency of -Al2O3 to form 
NiAl2O4. 
Reactivity of both NiO-based oxygen carriers during the fifth TGA redox cycle is 
depicted in Figure 3. The relative amount of NiO in the NiO18-Al particles after 
consecutive redox cycles is related to the reducing conversion reached during the 
previous reduction-oxidation cycles. The conversion during the preceding cycles was 
complete and this favoured the formation of free NiO and therefore a higher reactivity 
[53]. However, when the reduction degree decreased, a lower fraction of NiO was 
formed and the reactivity was lower. Dueso et al. [53] demonstrated that, regardless 
solid conversion variation, 80% of the Ni reduced in the fuel reactor was oxidized to 
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free NiO while the remaining Ni was oxidized into NiAl2O4. In this cycle, formation of 
free NiO also took place in NiO21-Al but in lower amounts than using NiO18-Al 
particles. Despite their different reactivity, both phases were active to transfer oxygen 
from the air to the fuel gas. These results implied that it was necessary to determine two 
different reduction kinetics for each oxygen carrier and each fuel (CH4, H2 and CO), one 
corresponding to free NiO reduction and the other to NiAl2O4 reaction with the fuel. 
The reactivity curves were divided in two different stages and calculations to transform 
the conversion of those periods to the range 0-1 were done using equations 7 and 8. 
Figure 4 shows an example of the solid conversion during NiO reduction as a function 
of time for both NiO-based oxygen carriers. As can be seen, NiO kinetics was 
independent from the solid used since both curves were overlapped. As the NiO content 
was lower in NiO21-Al than in NiO18-Al, the reduction kinetics was calculated from 
the reactivity curves of the oxygen carrier prepared on -Al2O3 to obtain more accurate 
parameters. NiAl2O4 kinetics could be obtained from the first redox cycle, where most 
of the Ni was in the form of spinel. Nevertheless, nickel aluminate reacted in a different 
way depending on the oxygen carrier, so different kinetics were defined for the 
reduction of this compound in NiO18-Al and NiO21-Al particles. 
 
4.1.1. Kinetic parameters for NiO18-Al oxygen carrier reduction 
4.1.1.1. Effect of the NiO content on the reactivity 
Dueso et al. [53].carried out in a previous work several experimental series in TGA at 
1223 K which consisted of 10-redox-cycle experiments using different reduction times 
between 6 seconds and the time needed to reach full conversion of the particles. 5% of 
H2 in N2 was used as fuel. In this way different solid conversions were achieved in each 
test. The free NiO content in the oxygen carrier samples was determined by means of 
H2-TPR technique in the same TGA system heating from room temperature to the 
desired value. After each series a redox cycle long enough to reach complete conversion 
during the reduction was done. The conversion-time data obtained in these long redox 
cycles are shown in Figure 5. As can be seen, the reactivity of the NiO18-Al oxygen 
carrier was related with the free NiO content in the particles. At the same time, free NiO 
and NiAl2O4 relative fractions depended on the solid conversion reached during the 
reduction period. An increase in solid conversion meant more free NiO and, 
consequently, a higher reactivity. If there was no variation in the solid conversion 
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during the experiments, the amount of NiO would remain constant through the cycles. 
For this reason, this effect should be taken into account in kinetics determination. 
In order to analyze the influence of the NiO fraction on the reactivity, the obtained 
conversion data during NiO reduction in all redox cycles from Figure 5 were changed 
into 0-1 range using Equation 7 and the time for full conversion of this compound, , 
was obtained from the XNiO vs. time graphs. The following expression has been 
assumed to describe the relationship between  and different free NiO contents in the 
samples of NiO18-Al oxygen carrier: 
 = 0 · xNiOy (20)
where 0 is the time needed for full conversion of the solid if all nickel were in the form 
of free NiO and xNiO is the NiO fraction in the oxygen carrier. Taking logarithms of 
equation 20, coefficient y can be obtained as the slope of the curve ln xNiO vs. ln 
portrayed in Figure 6. In this case, the found value of coefficient y was 1/3. 
 
4.1.1.2. Determination of kinetic parameters for NiO reduction 
As it was explained above, kinetic parameters for NiO reduction were calculated from 
the fast reduction period of the fifth TGA cycle with the NiO18-Al oxygen carrier. As 
an example, Figure 7a shows the NiO conversion as a function of time with different 
CO concentrations at 1223 K. The effect of temperature on the reaction rate was also 
studied. The conversion reached in the fifth redox cycle working at 1073-1223K with 
CH4 as fuel is also depicted in Figure 7b.  
Initially the reaction rate was very fast in all experiments with CO as fuel. Less than 20 
seconds were needed to achieve a solid conversion higher than 90%, except for a 
concentration of 5 vol. %. There was a direct relationship between the fuel 
concentration and the reaction rate. The higher the concentration was, the higher the 
conversion of NiO was. Nevertheless, the effect of the temperature on the reaction rate 
was low. This seemed to indicate that the reaction rate could be controlled by 
diffusional processes but previous experiments in the TGA (Figure 1) with different 
particle sizes and gas flows allowed dismissing the control of the diffusion of the gases 
in the product layer or inside the pores of the particles. Results with the rest of gaseous 
fuels were qualitatively similar. 
The shrinking core model for grain geometry described above could be applied for the 
kinetic parameter calculation from a physical point of view, since the particles are 
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produced using fine, small particles or grains. However, results from this model were 
not able to predict the experimental data successfully. Conversion showed a linear 
dependence with the reacting time during NiO reduction and the conversion-time curves 
were almost straight lines. Readman et al. [27] also observed linearity of the conversion 
as a function of time in TGA during the reduction of a nickel-based oxygen carrier with 
CH4 and H2 as fuels. They proposed that this shape of the curves may indicate that the 
oxygen coverage on the surface of the grains was constant during the reduction period. 
The oxygen diffused from the bulk NiO onto the surface where the reaction took place, 
but this process did not limit the reaction rate under the applied conditions. Goldstein et 
al. [55] also suggested a similar mechanism for the oxidation of CO with a CuO-based 
oxygen carrier. The reaction proceeded through different steps including the CO 
adsorption on the surface, the release of oxygen from the bulk to the surface and the 
formation and removal of CO2. In this work an empirical linear model was developed 
for kinetic determination, in the same way as Zafar et al. [42], described by Equation 
21. 

tX NiO  (21) 
and 

1
dt
dX NiO  (22) 
where  is the time for complete conversion of the NiO present in the particle. The  
values can be obtained from the slope of the curve XNiO versus time. This parameter can 
also be calculated with the following equation: 
n* Ck
1
 . (23)
where k* is the apparent kinetic constant. Equation 23 can be rewritten as: 
)Cln(n)kln(1ln * 


  (24) 
Figure 8 shows 



1ln  as a function of ln(C) for NiO reduction with CH4, H2 and CO as 
fuels. The slope of the graphs gives the reaction orders, n, which are shown in Table 3. 
The kinetic constant for every studied concentration can be obtained from the value of 
the ordinate at the origin.  
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Several experiments were performed at different temperatures from 1073 K to 1223 K 
with a constant fuel concentration of 15 % to study the effect of temperature. It was 
assumed an Arrhenius dependence with the temperature for the kinetic constant. The 
activation energy, Ea, and the preexponential factor, k0*, can be obtained from the 
experimental data taking logarithms of Equation 16. The Arrhenius plot for NiO 
reduction with CH4, H2 and CO as fuels is shown in Figure 9. Table 3 shows the values 
of the preexponential factor and activation energy determined for the different reactions 
with CH4, H2 and CO. 
Low activation energies obtained with all the fuels indicated a limited dependence of 
the reaction rate on temperature in the case of NiO reduction. The reaction orders, n, 
were low independently of the fuel gas used. Higher values of reaction orders and 
activation energies than those from Table 3 can be found in literature for all fuels using 
NiO-based oxygen carriers. [5, 27, 34-36, 38] 
Solid lines in Figure 7 represent the results of the model calculations using the kinetic 
parameters finally obtained. Theoretical curves fitted reasonably with experimental data 
during NiO reduction. 
In the previous section, the relationship between the solid conversion and the NiO 
content, i.e. the oxygen carrier reactivity, has been demonstrated. Kinetic parameters 
from Table 3 were determined from the fifth TGA cycle data. The samples had been 
fully reduced during the previous cycles, so the final fraction of nickel oxide was 0.8 
[53] in all cases. Considering Equation 20 and the expressions of the kinetic model 
applied in this case, the formula to obtain  was: 
n*
31
0 Ck
18.0   (25) 
As a generalization, Equation 26 allowed obtaining the value of  when the oxygen 
carrier had any content of free NiO. 
n31
NiO
31* Cx8.0k
1
   (26) 
Taking into account equations 21 and 26, NiO conversion can be expressed as: 
tCx8.0kX n31NiO
31*
NiO    (27) 
As an example, theoretical NiO conversions calculated with Equation 27 for the 
experiments with different contents of NiO from Figure 5 have been depicted in Figure 
10. A good adjustment between theoretical and experimental data can be observed. 
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4.1.1.3. Determination of kinetic parameters for NiAl2O4 reduction 
Kinetic parameters of NiAl2O4 reduction using CH4, H2 and CO as fuels for NiO18-Al 
oxygen carrier were obtained from the second part of the reactivity curves during the 
first TGA cycle, from the point where the slope of the curve changed. NiAl2O4 
conversions were transformed to a range 0-1 using Equation 8. 
Figure 11a shows, as an example, the reactivity curves obtained in the TGA with 
different H2 concentrations from 5 to 50 vol. % using the oxygen carrier NiO18-Al. 
Compared with the reactivity of NiO from Figure 7, it can be seen that NiAl2O4 reacted 
more slowly than NiO, with  higher than 300 seconds using a concentration of 50 vol. 
% against 6 seconds when the same concentration of H2 reacted with free NiO. The 
same effect was observed when CH4 and CO were used as reacting gases in the TGA.  
Experiments carried out at different temperatures from 1073 K to 1223 K allowed 
analyzing the differences in reactivity for the NiO18-Al oxygen carrier with the three 
fuels. In Figure 11b, a plot of the conversion-time curves at different temperatures using 
15 vol. % CH4 in N2 during the reduction period is shown. A higher dependence of the 
reaction rate on temperature than the one with free NiO was observed when NiAl2O4 
reacted, especially using H2 and CO as fuels.  
Changing grain size model was used to determine the kinetic parameters of NiAl2O4 
reduction. The equations which describe this model under chemical reaction rate control 
are equivalent to the ones from shrinking core model, replacing particle radius by active 
species grain radius (Equations 9 and 10). The grain radius was obtained by H2 
chemisorption and the values are shown in Table 2.
A relationship between the NiO content and the reactivity of the oxygen carrier was 
observed again and NiAl2O4 grain radius depended on the initial content of free NiO. 
More free NiO meant less NiAl2O4 present in the oxygen carrier particles and vice 
versa. To calculate the grain radius the following equation was used.  
31
c0,gg )X1(rr   (28) 
rg,0 (2.5 x 10-7 m) represents the grain radius if all particle was composed of NiAl2O4 
and the solid conversion, Xr, was 0. The solid conversion considered in this calculation 
corresponded to the beginning of the NiAl2O4 reduction. 
values were obtained as the slope of the curve 1-(1-Xs)1/3 vs. time (Equation 9) by 
means of an adjustment by the least-squares method. The reaction orders for the 
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reaction of CH4, H2 and CO with the oxygen carrier NiO18-Al were determined from 
the slope of the 





b
r
ln gm  vs. ln C curve (Figure 12), using the calculated . 
Figure 9 shows the Arrhenius plot to analyze the dependence of the kinetic constant on 
the temperature for the three fuel gases. Table 3 summarizes the kinetic parameters for 
the reduction of NiAl2O4 using the NiO18-Al oxygen carrier. 
To obtain kinetics parameters for NiAl2O4 reduction with the NiO18-Al oxygen 
carrier, changing grain size model with chemical reaction control of the reaction rate 
was assumed. Continuous lines in Figure 11 represent model calculations and 
theoretical data fit experimental data obtained in the TGA acceptably. 
 
4.1.2. Kinetic parameters for NiO21-Al oxygen carrier reduction 
NiAl2O4 reduction reaction rate using NiO21-Al was also determined from the first 
cycle in TGA using different gas concentrations (5-20 vol. % for CH4 and 5-50 vol. % 
for H2 and CO) and different temperatures (1073-1223 K). In the first cycle, the content 
of this nickel compound was higher than in subsequent redox cycles as it was 
commented above. In a similar way to NiO18-Al, Figure 13 shows two examples of 
the effect of concentration and temperature on the reaction rate when H2 and CH4 were 
used as fuels, respectively. NiAl2O4 reaction rate was slow with  as high as 300 s when 
50 vol % of H2 was used, being H2 the more reactive gas. Effect of temperature was also 
noticeable as it was observed previously using NiO18-Al particles. 
In this case, shrinking core model with chemical reaction control or diffusion in the 
product layer as controlling stage did not fit the experimental data. A mixed control of 
chemical reaction and diffusion was assumed to fit the experimental curves. The 
reaction rate was controlled by the chemical reaction in the first moments of the 
reduction reaction but the diffusion on the product layer was the controlling step when 
the solid was converted in some amount. To improve the prediction of the experimental 
curves, the product layer diffusion coefficient was considered to be a function of the 
conversion.  
XkTR/E
0,ss
xDs eeDD    (29) 
where Ds is the diffusion coefficient, Ds,0 the diffusion coefficient through the product 
layer, and kx a constant. The grain radius used in the calculations of the kinetic 
parameters was 2.5 x 10-7 m.  
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The graph of 1/T vs ln k or ln D (Figure 14) allowed determining the preexponential 
factor for the kinetic constant and the diffusion coefficient. kx was calculated to obtain 
the best fitting between model predictions and experimental data.  
Kinetic parameters for the reduction of NiAl2O4 with the NiO21-Al oxygen carrier can 
be seen in Table 4. In the case of CH4, low values for the diffusion coefficient were 
obtained and the reaction was controlled mainly by the diffusion through the product 
layer. For H2, the higher activation energy of the chemical reaction with respect to the 
diffusion process made this negligible at higher temperatures. When CO was used as 
reacting gas, preexponential factor and activation energy were in the same order than for 
NiO18-Al particles.  

4.1.3. Prediction of complete reactivity curves 
Both NiO and NiAl2O4 reduction kinetics were determined in an independent way for 
both NiO18-Al and NiO21-Al oxygen carriers from the reactivity data obtained in the 
TGA with good fit between experimental and theoretical data. Nevertheless, in a real 
CLC system, both NiO and NiAl2O4 are reduced by the fuel gases at the same time.  
NiO18-Al has been used successfully as oxygen carrier for combustion of gaseous 
fuels in a CLC system. When it was tested in a 500 Wth continuous pilot plant, free NiO 
was present in the oxygen carrier in a significant percentage about 20-25 % from total 
nickel amount [45]. The presence of both NiO and NiAl2O4 must be taken into account 
to fit the complete conversion-time curve. To achieve this, it is necessary to consider 
kinetic parameters of both NiO and NiAl2O4 reactions with the fuel and to know the 
relative amount of both compounds in the solid. 
When NiO21-Al was used in a CLR continuous pilot plant in similar conditions to a 
real CLR system [49], most of the nickel in the oxygen carrier was in the form of 
NiAl2O4 as it was determined from the reactivity curves corresponding to first TGA 
redox cycle. This means that only NiAl2O4 kinetic parameters should be needed to 
design a CLR system. Only when the oxygen carrier conversion was complete, after 
several redox cycles in the TGA [49], about 60 wt% of NiO was present in the oxygen 
carrier. However, solid conversion in the CLR experiments was only 50%, so free NiO 
relative amount was much lower.
As an example, Figure 15 shows the reactivity curves for experiments in TGA carried 
out at 1223 K using 15 vol. % of H2 as fuel. The first reaction period of both curves was 
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fitted with NiO kinetic data assuming the empirical linear model. The slow reduction 
section corresponded to the NiAl2O4 reduction theoretical data. Kinetic parameters from 
Tables 3 and 4 were used to calculate the theoretical curves in this section. The 
equations of the different models gave the values of the conversions of NiO and 
NiAl2O4. The solid conversion, Xr, was obtained using Equations 7 and 8. The relative 
amounts of NiO and NiAl2O4 were determined from the inflexion point in the curves, 
which showed the beginning of NiAl2O4 reaction with CH4. As it can be seen, there is a 
good correspondence between the theoretical and experimental data during the reaction 
of both Ni compounds for both nickel-based oxygen carriers. 
 
4.2. Oxidation reaction 
Although other designs are possible, the CLC system is usually composed of two 
reactors, the air and the fuel reactor and a high velocity riser with the solid particles 
circulating between them [56]. The reduced particles of the oxygen carrier are 
transferred from the fuel reactor to the air reactor where they are regenerated by taking 
up the oxygen from the air. Thus, the kinetics for oxidation reaction should be evaluated 
in order to design the air reactor in a CLC system. 
In this work, the oxidation reactivity of two nickel-based oxygen carriers prepared by 
impregnation was studied. Firstly, consecutive cycles using CH4, H2 or CO as reducing 
agents during the reduction step were performed in a TGA at 1223 K. The oxidation rate 
was the same independently of the number of the redox cycle or the gas fed for the 
reduction, so any fuel could be used to obtain the kinetic parameters of the oxidation 
reaction. For kinetics determination, several experiments were carried out in the TGA 
with NiO21-Al at 1223 K and at 1173 K with NiO18-Al using 15 vol. % CH4 during 
the reduction period and different concentrations of O2 in N2 from 5 vol. % to 21 vol. 
%.  
Figures 16a and 17a show reactivity curves corresponding to the fifth oxidation period 
in TGA with NiO18-Al and NiO21-Al, respectively. The oxidation reaction was very 
fast for both materials and the samples were always oxidized to their initial condition. 
When the oxygen concentration increased, the reaction rate also increased, indicating a 
dependence of the reaction rate with the reacting gas concentration.  
To analyze the effect of temperature on the oxidation reaction, different tests at 
temperatures from 1073 K to 1223 K for NiO21-Al and in the range 973-1223 K for 
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NiO18-Al were carried out with a constant oxygen concentration of 21 vol. %. 
Temperature during the reduction was kept at 1223 K to obtain always the same solid. 
Figures 16b and 17b show the conversion rate vs time during these experiments. The 
oxidation reaction was very fast, with total reaction times lower than 10 s for NiO18-
Al and 45 s for NiO21-Al at the lowest temperatures.  
Conversion-time curves were almost straight lines, as can be seen in Figures 16 and 17. 
These experimental data could not be adjusted with any established model, so an 
empirical model, similar to the one previously used to predict NiO reduction rate, was 
developed to model the oxidation reaction with both NiO-based oxygen carriers. The 
reaction order, n, was obtained for the slope of the curves ln () vs ln C (Figure 18). 
The reaction order was around 1 for both oxygen carriers. Figure 19 shows the 
Arrhenius plot corresponding to the experimental results. The obtained kinetic 
parameters, summarized in Table 5, are quite similar to values found in the literature [5, 
27, 34-36, 39-40], with quite low activation energies with both materials.
 
5. Conclusions 
A detailed study of the reactivity of reduction and oxidation reactions of two NiO-based 
oxygen carriers prepared by impregnation, NiO21-Al and NiO18-Al, was performed 
using CH4, H2 and CO as fuels. The reactivity experiments were carried out in a 
thermogravimetric analyzer at 1073-1223 K using 5-20 vol. % CH4 and 5-50 vol. % of 
H2 and CO.  
The reduction of NiO18-Al particles proceeded in two stages, a first period of high 
reactivity attributed to the presence of free NiO and then a low reactivity period that 
corresponded to NiAl2O4 reduction. The kinetic parameters for NiO and NiAl2O4 
reduction were determined for every combustible gas. 0 
 when NiO21-Al oxygen carrier was used, NiAl2O4 was mostly present in the solid 
particles. Only very small amounts of free NiO were detected in samples after 
continuous operation in a CLC plant, but NiO reaction with the fuel could be model 
using the kinetic parameters previously calculated for NiO18-Al oxygen carrier.  
An empirical linear model was developed to describe NiO reduction. The conversion 
depended on the gas concentration and NiO content. The low effect of temperature on 
the reaction rate seemed to indicate a diffusional control, but experiments in TGA with 
different particles sizes and gas flows proved the reaction was not controlled by external 
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diffusion in the gaseous layer around the particle or internal diffusion inside the pores. 
The reaction order for the reduction of free NiO was 0.2 for CH4, 0.42 for H2 and 0.65 
using CO and the activation energies were ~5 kJ mol-1 in all cases.  
The shrinking core model for spherical grain geometry with chemical reaction control 
was used to determine the kinetics of NiAl2O4 reduction with NiO18-Al particles. The 
highest reaction order was for the reaction with CH4, n = 1.7, while it decreased to 0.6 
and 0.7 when H2 and CO were used, respectively. The activation energies had values 
between 82 and 471 kJ mol-1. To predict the behaviour of the NiAl2O4 reduction with 
NiO21-Al oxygen carrier and CO as fuel, this model was also used. The obtained 
reaction order was 1 and the activation energy had a value of 89 kJ mol-1. Nevertheless, 
for the reduction of NiO21-Al with CH4 and H2, a mixed resistance between chemical 
reaction and diffusion in the solid was applied to the model. When either H2 or CH4 was 
the reacting gas in the reduction, the reaction orders when the chemical reaction 
controlled the reaction rate, were 0.6 and 1, respectively, and 1 when the diffusion in the 
product layer was the controlling stage. The activation energies were between 237 and 
373 kJ mol-1 for the kinetic constant and 200-281 kJ mol-1 for the diffusion coefficient. 
Kinetic parameters for the oxidation reaction with both oxygen carriers were obtained 
using an empirical linear model depending on temperature and gas concentration. 
Oxidation rate was unrelated to the fuel (CH4, H2 or CO) used during the reduction 
period. The reaction order of oxidation was about 1 for both materials (0.7 for NiO18-
Al and 1 for NiO21-Al) and the activation energies were low, about 23 kJ mol-1, very 
similar values to those described in the literature.
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Nomenclature 
b stoichiometric factor in the reduction reaction of metal oxide (moles of MeO 
per mole of fuel gas) 
C  gas concentration (mol m-3) 
Ds  diffusion coefficient (m2 s-1) 
Ds,0  preexponential factor of Ds (m2 s-1) 
Ea  activation energy (J mol-1) 
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EDs  activation energy of Ds (J mol-1) 
k  chemical reaction rate constant (mol 1-n m3n-2 s-1) 
k* apparent kinetic constant obtained in TGA experiments 
k0  preexponential factor of the chemical reaction rate constant (mol1-n m3n-2 s-1) 
kx constant for the calculation of the diffusion coefficient 
m actual mass of the oxygen carrier (kg) 
mox  mass of the fully oxidized oxygen carrier (kg) 
mred  mass of the fully reduced oxygen carrier (kg) 
n  reaction order 
rg  grain radius (m)  
rg, 0  grain radius when Xr = 0 (m) 
t  time (s) 
tch  time for conversion with product layer diffusion control (s) 
tdif  time for conversion with kinetic reaction control (s) 
T  temperature (K) 
xNiO  mass fraction of NiO in the fully oxidized sample 
Xc solid conversion where NiAl2O4 reduction begins 
XNiAl2O4 nickel aluminate conversion 
XNiO  nickel oxide conversion 
Xox solid conversion in oxidation reaction 
Xr  solid conversion in reduction reaction 
Xs  solid conversion 
Vm,i  molar volume of the solid i (m3 mol-1) 
Z  expansion ratio 
 
Greek letters 
m molar density of metal oxide in the solid (mol MeO m-3 solid) 
ch time for complete conversion when reaction rate is controlled by chemical 
reaction (s) 
dif time for complete conversion when reaction rate is controlled by diffusion in 
the product layer (s) 
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Table 1. Properties of the NiO-based oxygen carriers fresh and used. 
 
Properties 
NiO21-Al  NiO18-Al 
Fresh Used  Fresh Used 
Apparent density (g/cm3) 1.7 1.9  2.5 2.5 
BET surface area (m2/g) 83.4 29.0  7.0 6.8 
Porosity (%) 50.7 48.4  42.5 42 
Mechanical strength (N) 2.6 2.4  4.1 3.7 
XRD phases -Al2O3, NiAl2O4
-Al2O3, 
NiO,NiAl2O4 
 
-Al2O3, 
NiO,NiAl2O4 
-Al2O3, 
NiO,NiAl2O4 
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Table 2. Grain radius and molar densities used in the calculations to obtain kinetic 
parameters of NiO18-Al and NiO21-Al reduction and oxidation. 
 
 
Compound Grain radius, rg (m) Molar density (mol/m3) 
Ni 0.14 151618 
NiO 0.17 89290 
NiAl2O4 0.25 27167 
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Table 3. Kinetic parameters for the reduction of NiO18-Al oxygen carrier.
 
 
 CH4 H2 CO 
NiO reduction 
n 0.2 0.42 0.65 
k0* (mol1-n · m3n-2 · s-1) 1.9 x 10-1 1.4 x 10-1 5.5 x 10-2 
Ea (KJ · mol-1) 5 5 4 
NiAl2O4 reduction 
n 1.7 0.6 0.7 
k0 (mol1-n · m3n-2 · s-1) 2.8 x 1010 8.3 x 104 2.5 x 10-3 
Ea (KJ · mol-1) 398 235 82 
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Table 4. Kinetic parameters for the reduction of NiAl2O4 with the NiO21-Al oxygen 
carrier. 

 CH4 H2 CO 
Chemical reaction     
nch 1 0.6 1 
k0 (mol1-n m3n-2 s-1) 1.5 x 1010 1.5 x 105 1.5 x 10-3 
Ea (kJ mol-1) 372.6 237.2 89.3 
Diffusion on the product layer 
ndif 1 1  
Ds0 (m2 s-1) 3.5 x 10-5 4.2 x 102  
EDs (kJ mol-1) 200 28  
kx 2 8  
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Table 5. Kinetic parameters for the oxidation reaction of NiO21-Al and NiO18-Al 
oxygen carriers. 
 
 NiO21-Al NiO18-Al 
n 1 0.7 
k0 (mol1-n m3n-2 s-1) 4.6 x 10-1 8.4 x 10-1 
Ea (KJ mol-1) 23 22 
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Figure 1. Effect of (a) particle size and (b) inlet gas flow on the reaction rate during 
NiO reduction with NiO18-Al oxygen carrier. 15 vol. % CH4 - 20 vol. % H2O. T = 
1223 K.
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Figure 2. Conversion-time curves for NiO18-Al and NiO21-Al reduction during the 
first redox cycle in TGA with different gaseous fuels. Fuel concentration = 15 vol. %. T 
= 1223 K. 
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Figure 3. Conversion-time curves for NiO18-Al and NiO21-Al reduction during the 
fifth redox cycle in TGA with different gaseous fuels. Fuel concentration = 15 vol. %. T 
= 1223 K. 
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Figure 4. (a) Conversion-time curves for reduction of NiO18-Al and NiO21-Al 
oxygen carriers during the fifth TGA cycle. (b) NiO conversion during the fifth redox 
cycle in TGA. 15 vol. % H2. T = 1223 K. 
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Figure 5. TGA reactivity data for the reduction during the reference tests after 
experiments with the following reduction times: 6 s ( ), 12 s ( ), 20 s ( ), 30 s 
( ), 60 s ( ) and time to full solid conversion ( ). T = 1223 K. 5 vol. % H2; 
21% O2. 
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Figure 6. ln  as a function of ln xNiO.  
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Figure 7. Effect of (a) CO concentration (T = 1223 K) and (b) temperature (CH4, 15 
vol. %) on the NiO reduction reaction with the oxygen carrier NiO18-Al. Continuous 
lines are results predicted by the model using kinetic parameters obtained in this work. 
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Figure 8. Plot of 



i
1ln  as a function of ln(C) to obtain the reaction order for NiO 
reduction for NiO18-Al oxygen carrier with CH4, H2 and CO as fuels. 
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Figure 9. Arrhenius plot of NiO reduction with NiO18-Al oxygen carrier.
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Figure 10. Conversion-time curves during NiO reduction for experiments with 
reduction times of (a) 6 s, (b) 10 s and (c) 30 s.  
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Figure 11. Effect of (a) H2 concentration (T = 1223 K) and (b) temperature (CH4, 15 
vol. %) on the NiAl2O4 reduction reaction with the oxygen carrier NiO18-Al. 
Continuous lines are results predicted by the model using kinetic parameters obtained in 
this work. 
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Figure 12. Plot of ln(m·rg/b·) as a function of ln C to obtain the order of reaction for 
reduction of NiO18-Al oxygen carrier using CH4, H2 and CO as reacting gases. 
 
 
ln C
-2 -1 0 1 2
ln
 ( 
m
· r
g/b
· )
-16
-14
-12
-10
CO
H2
CH4
 
 45
Figure 13. Effect of (a) CH4 concentration (T = 1223 K) and (b) temperature (H2, 15 
vol.%) on the NiAl2O4 reduction reaction with the oxygen carrier NiO21-Al. 
Continuous lines are results predicted by the model using kinetic parameters obtained in 
this work. 
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Figure 14. Arrhenius plot for the chemical reaction rate constant (filled symbols) and 
the diffusion coefficient (empty symbols) of the reduction reaction of NiAl2O4 with 
NiO21-Al oxygen carrier for different reacting gases. 
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Figure 15. Reactivity curves from TGA at 1223 K using 15 vol.% of H2 as fuel. 
Continuous lines correspond to results predicted by the model using kinetic parameters 
from NiO and NiAl2O4 reduction. 

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Figure 16. Effect of (a) O2 concentration (T = 1223 K) and (b) temperature (Air) on the 
oxidation reaction with the oxygen carrier NiO18-Al. Continuous lines are results 
predicted by the model using kinetic parameters obtained in this work. 
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Figure 17. Effect of (a) O2 concentration (T = 1223 K) and (b) temperature (Air) on the 
oxidation reaction with the oxygen carrier NiO21-Al. Continuous lines are results 
predicted by the model using kinetic parameters obtained in this work. 
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Figure 18. Plot of ln C vs ln() to obtain the reaction order of the oxidation with both 
NiO-based oxygen carriers. Reduction = 15 vol. % CH4. T = 1223 K. 
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Figure 19. Arrhenius plot for the chemical reaction rate constant of the oxidation 
reaction with NiO18-Al and NiO21-Al oxygen carriers. 
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